density, lack of structure, slow water infiltration, low water retention, and low air permeability (Harris, 2001).
pollution of ground and surface water is a concern (Crain leachates from circumneutral tailings. The low pH of the acidic votta, 1998). tailing geochemistry, kinetic tests, such as those using and Materials, 1996) ; (ii) account for differences in the kinetics of various processes, such as differences in rates of carbonate dissolution and pyrite oxidation (Scharer R emoval of large quantities of material from minet al., 2000) ; and iii) produce an effluent that can be ing sites and deposition of waste can drastically tested for constituents similar to those in actual mine alter the physical characteristics of the area, including drainage (Hornberger and Brady, 1998) . While kinetic topography, hydrology, vegetative cover, wildlife habimethods provide a good simulation of weathering, they tat, and susceptibility to erosion. In addition, as mine cannot predict acidic drainage through simple extrawastes weather, they may release acid rock drainage polation of experimental results (Scharer et al., 2000) . into ground and surface waters, polluting them through Tailings reclamation in semiarid and arid regions preincreases in acidity, toxic elements, and salinity (Bell, sents situations quite different than in wetter climates. 1999; Ernst, 1988; Pentreath, 1994) .
One such situation is the delaying of ground water conThe goals of mine tailing reclamation are to establish a tamination for tens to hundreds of years, beyond the self-sustaining plant community on tailings impoundments scope of most regulations and bonding requirements, (Bradshaw, 1999) , to stabilize the tailing surface, and due to the slow percolation of water through the tailings to minimize wind and water erosion. Common chemical impoundments (Kempton and Atkins, 2000) . To estilimitations to plant growth on mine tailings include low mate long-term effects of municipal biosolid additions pH, high salt content, lack of required nutrients, and for reclamation of Cu mine tailings in semiarid environmetal toxicities. Physical limitations include high bulk ments, a kinetic weathering experiment was performed using four tailings with differing chemical properties, amended with three rates of biosolids. The objective was ) and metal concentrations in the biosolids were measured as described above. Copper mine tailings were obtained from a mine in southeastern Arizona located at 900 m elevation, with a mean annual rainfall of 370 mm and pan evaporation of approximately Kinetic Weathering Method 3000 mm yr
Ϫ1
. The mine tailings originate from the San Man-
The experiment was conducted in a constant temperature uel-Kalamazoo ore body, described by Force et al. (1995) and (20ЊC) growth chamber. Kinetic weathering cells were con- Lowell (1968) . Four tailing types differing in initial chemical structed following ASTM Method D5744-96 (American Sociproperties were used in the experiment (Tables 1 and 2) with ety for Testing and Materials, 1996) , of schedule 40 PVC textures that ranged from loamy sand to loam (1-9% clay).
pipe, 15 cm in diameter, cut into 20-cm long sections with a Tailing Type 1 (T1) was the most weathered, and Types 2 perforated plate glued to one end. The ends of each column (T2), 3 (T3), and 4 (T4) were progressively less weathered.
were closed using PVC end caps and air flow was accomplished Tailing Type 4 was composed of newly processed tailings colthrough plastic barbed nipples inserted into the column and lected as they were being deposited on a tailing impoundment caps ( Fig. 1) . Flow of dry and humid air was delivered to the and were the same used in a field experiment described by cells through a 1.2-cm PVC pipe manifold. Compressed air Thompson et al. (2001) .
was passed through a 0.5-m moisture/oil filter and a drierite Metal concentrations (Cu, Zn, Cd, Cr, Fe, Ni, Se, As, Pb) column to remove H 2 O. Humid air was generated by bubbling in the tailings were determined by acid digestion (HNO 3 and filtered compressed air through a humidifier. HCl) (Soon and Abboud, 1993) with analysis using a Ciros Tailings were sieved through a 2-mm plastic sieve and stored AS400 inductively coupled plasma-mass spectrometry (ICPin plastic buckets. At the beginning of the experiment, appro-MS) (Spectro, Kleve, Germany). Extractable Fe, Cu, Zn, Cr, priate biosolid amounts (0, 40, or 60 g kg Ϫ1 ) were added to Ni, Se, As, and Pb were determined in 2:1 (solution to soil) and thoroughly mixed with 2.0 kg of each tailing type. The DTPA extracts followed by ICP-MS analysis (Liang and Kara- treatments were chosen to match those used by Thompson et manos, 1993) (Keeney and Cells were subjected to 26, one-week-long cycles consisting Nelson, 1982) . Tailing pH and EC were measured in 1:1 water of leaching, dry air flow, and humid air flow (American Society extracts, and particle size distribution was determined by the for Testing and Materials, 1996) . Each cycle began with an hydrometer method (Gee and Bauder, 1986) . Pyritic S was addition of 1 L of distilled-deionized water to each column determined by total S analysis after removal of non-acid-pro-(1.65 pore volumes). The drainage ports were closed for 1 h, ducing sulfur by leaching with HCl and distilled water. Acidifithen were opened to allow free drainage for 48 h. The hydraucation potential (AP) was determined by multiplying percent lic conductivity on T4 was low, and 2 d were not sufficient pyritic S by 31.25 (USEPA, 1978) , and CaCO 3 percentage was for drainage to cease. Therefore, a vacuum of Ϫ70 kPa was determined by reacting the tailings with 0.5 M HCl and then applied to the bottom of each T4 cell with a hand pump titrating with NaOH to determine the amount of acid neutraland maintained until disappearance of ponded water. After ized. The acid neutralizing potential (ANP) was calculated by leaching, the collection flasks and cells were disconnected, multiplying % CaCO 3 by 10 (USEPA, 1978), and net neutralremoved from the growth chamber, and weighed. Cells were ization potential (NNP) was then calculated as ANP Ϫ AP.
replaced, hooked to the manifold, and dry air was blown The biosolids used in this experiment were Class B according to USEPA (1994) standards. They were obtained from through the cells with the drain tubes open for 1 h to remove excess H 2 O. The drain tubes were then sealed, bubblers for determination of different Fe fractions: "organically bound Fe" was extracted with a 0.1 M sodium pyrophosphate soluattached, and air was passed through both ports of the cells at 500 mL min Ϫ1 for 23 h. Air flow was then shut off to the tion, total "crystalline" Fe was extracted using the dithionitecitrate method, and "active/amorphous Fe" was extracted usupper port and passed only through the lower port for 48 h.
After the dry air cycle, cells were removed, weighed, reing acid ammonium oxalate (Loeppert and Inskeep, 1996) . The Fe concentration in the extracts was analyzed using a placed, and reconnected to the manifold and bubblers. Humid air was passed through the system for 48 h at 500 mL min Ϫ1 Jarrell Ash (Franklin, MA) Video 12 atomic absorption spectrophotometer. using both upper and lower ports. Following this, the cells were removed, weighed, replaced, and attached to the collection flasks for the next cycle. Following each leaching cycle,
Data Analysis
the collection flasks were removed from the chamber and Statistical analysis of leachate pH, NO 3 Ϫ -N, and SO 4 2Ϫ -S weighed, and three leachate subsamples were collected from weekly means was performed using SYSTAT 10.2 (Systat Softeach cell: a 40 mL sample for pH and anion analyses, a 100-mL ware, 2002). Means of dependent variables were subjected to sample that was immediately frozen, and a 15-mL sample that analysis of variance with repeated measures (time dependent) was frozen and composited over 26 wk for metal analysis.
analysis. Leachate metal concentrations, and tailing DTPALeachate pH and NO 3 Ϫ -N were analyzed as described above. extractable metals, pH, NO 3 Ϫ -N, and extractable Fe were anaSulfate S was analyzed by ion chromatography using a BioLC lyzed at the end of the experiment and were subjected to ion chromatograph (Dionex, Sunnyvale, CA) equipped with analysis of variance with SAS for Windows, Release 8.1 (SAS an Ion Pac column (AS14 4 ϫ 250 mm analytical), at a flow Institute, 2000). rate of 1.2 mL min Ϫ1 in a carbonate-bicarbonate eluent. The 26-wk composite leachate sample was analyzed for Cu, Cr, Ni, As, Se, Cd, and Pb by ICP-MS.
RESULTS AND DISCUSSION
One week after the 26th leaching cycle, tailings were removed from the cells, placed in paper bags, and dried at 80ЊC.
pH
Once dry, the weathered tailings were passed through a 2-mm Leachate pH was not significantly different among the plastic sieve and subsampled for analysis. The pH, NO 3 Ϫ -N, circumneutral tailings (T2, T3, and T4) and was not signifand DTPA-extractable metals were analyzed in artificially icantly affected by biosolid addition. For all three tailweathered tailings as described above.
ings and biosolid rates, leachate pH was 7.5 to 8.5, with a slight decrease with time in leachates from amended Tailing Mineralogy tailings (data not shown). However, acid drainage was
Mineralogy of the weathered and unweathered tailings was not expected due to the positive neutralization potential determined using a Phillips (Eindhoven, the Netherlands) XRD of these tailings (Table 1) . The final pH values of T2, 3000 X-ray diffractometer using Cu K␣ radiation, a single T3, and T4 were not significantly different from each crystal (graphite) monochrometer, and pulse height discrimiother, nor were they affected by biosolid treatment (Tanation on random powder mounts from 4 to 60Њ 2 at 2Њ 2 ble 3).
min Ϫ1 with peak identification using tables from Brown and Brindly (1980) . Extractions were performed on the tailings
Leachate pH from T1 increased significantly with bio- solid addition, while the leachate pH from unamended in coal mine waste pH after application of biosolids.
The observed pH increases in the tailings and leachate T1 remained Ͻ3.5 (Fig. 2, Table 4 ). The pH of amended T1 (Table 3 ) also increased with biosolid rate. Abbott may be short-lived, however. In the tailings amended with 80 g biosolids, the leachate pH began to decline et al. (2001) and Cravotta (1998) both reported increases tion, high concentrations of bioavailable metals may have an inhibitory affect on nitrifying organisms (Seaker toward the end of the experiment (Fig. 2) indicating and Sopper, 1988). All leachates from the T1 columns that this application rate may be insufficient for longinitially had pH of Ͻ5.0, and only the leachates from term neutralization of acidity. Pietz et al. (1989a) , Sopthe highest biosolid application rate increased above per and Kerr (1982) , and Sopper and Seaker (1990) all this value. Because of the large amounts of water applied reported increases in tailing pH after biosolid applicain this experiment, compared with expected rainfall in tion, followed by a decline in pH over several years.
the area, we expect that NO 3 leaching under natural conditions will be much lower than was observed from
Nitrate and Sulfate Leaching the columns. Thompson et al. (2001) used T4 in a field experiment with the same biosolid application rates and Leachate NO 3 Ϫ -N concentrations from the three cirafter 2 yr found NO 3 Ϫ -N concentrations up to 400 mg cumneutral tailings (T2, T3, and T4) increased with increased biosolid rate (Fig. 3) . Several weekly leachate kg Ϫ1 in the tailings, but no evidence of NO 3 Ϫ movement -S leached from the leachates from columns receiving the highest biosolid application rate were much higher than those from the columns can provide information about weathering of pyrite in the cells (Fig. 4) . The steep slopes of the 80-g rate. During the last 6 wk of the experiment, SO 4 2Ϫ -S leaching rates in these two treatments were SO 4 2Ϫ -S concentration curves for T2, T3, and T4 during the first weeks of the experiment (1-2 wk for T3 and equal at 0.04 g SO 4
2Ϫ
-S column Ϫ1 wk
Ϫ1
. In comparison, the unamended tailings had a leaching rate of 0.11 g T4, 6 wk for T2) are likely due to the removal of soluble secondary minerals present in the tailings (Holmstrom SO 4
2Ϫ
-S column Ϫ1 wk Ϫ1 during the last 6 wk of the experiment. The lower SO 4 2Ϫ -S leaching rate in biosolidet al., 1999). Once secondary minerals were removed, the main sources of SO 4 2Ϫ were oxidation of sulfide minamended acid tailings indicates that biosolids may, at least in the short term, be effective at reducing the erals by Thiobacillus sp. and release from the biosolids. Total S leached was about 33% of total S in T1, and 6 rate of pyrite oxidation. Possible mechanisms for this phenomenon include removal of Fe 3ϩ , a primary oxidant to 10% in T2, T3, and T4, which reflects the higher percentage of total S in nonpyritic forms in the more of pyrite, from solution due to sorption onto the biosolids, and precipitation of Fe 3ϩ as secondary minerals highly weathered T1 (Table 1) . In T2, T3, and T4, biosolid additions led to small, but significant, increases in (Rose and Cravotta, 1998 the acid tailings and again the differences among biosolid application rates were not significant (Table 5) .
* Significant at the 0.05 probability level. ** Significant at the 0.01 probability level.
In all four tailing types, DTPA-extractable Ni and Zn † Not detected.
increased slightly but significantly with increased bio- ‡ Method detection limit. § Insufficient data for statistical analysis.
solid rate (Table 3) . Berti and Jacobs (1996) found that ¶ Not significant.
Ni and Zn in biosolids remained in bioavailable forms when repeatedly applied to soils, leading to potential observed similar decreases in SO 4 2Ϫ -S in leachates colplant toxicities. Due to the low concentrations of DTPAlected from biosolid-amended mine tailings during a extractable Ni and Zn in these tailings, with only a single period of 3 yr, though they then began to increase.
biosolid application there will likely be no toxic effects on Differences in the patterns of SO 4 2Ϫ and NO 3 Ϫ leaching plants. Thompson et al. (2001) used biosolid-amended are likely due to the S and N forms present and the Tailing 4 in a field experiment. They found that metal microorganisms involved in their transformations. When concentrations in plants were below suggested tolerance the experiment began, there were high concentrations levels for agronomic crops. of soluble SO 4 2Ϫ in the tailings, but little NO 3 Ϫ in tailings Copper was detected in leachates from all treatments or biosolids (Table 1) . The result was a large flush of except for unamended T2, T3, and T4 (Table 5 ). In these SO 4 2Ϫ during the first few leaching cycles, Nitrate, howthree tailings, leachate concentrations increased slightly ever, had to be produced through mineralization and with biosolid amendment compared to unamended tailnitrification before leaching could occur. The tailing enviings, with all concentrations below the MCL (1.3 mg ronments also affected the microbial populations, most L Ϫ1 ). McBride et al. (1997) reported that virtually all notably in the acidic tailings (T1). Nitrifiers were likely dissolved Cu in a biosolid amended soil was organically inhibited by the low pH, resulting in low leaching rates.
complexed, which led to migration as metal-organic Thiobacillus spp. are acidophilic and are responsible for complexes. The slight increases in leachate Cu concenthe oxidation of pyrite (Cravotta, 1998) . Their activities tration in amended T2, T3, and T4 is likely due to transwere likely not inhibited by conditions in T1, thus the port as such complexes. In T1, there was a statistically higher SO 4 2Ϫ leaching rates in these acidic tailings. significant decrease in leachate Cu concentration with increasing biosolid rate. The decrease in Cu concentraMetals tion could be caused by a decrease in Cu mobility due to the increase in pH, and precipitation of Cu hydroxides Selenium, Pb, and Cd were not detected in any of the and oxides (Abbott et al., 2001) . Copper concentrations composited leachate samples, regardless of biosolid rate.
in leachates from all T1 treatments exceeded the MCL. Arsenic was detected only in leachates from amended T3
The DTPA-extractable Cu in all four tailings increased and T4 (Table 5 ). In the four treatments with detectable with increasing biosolid rate (Table 3) , which is similar leachate As, concentrations exceeded the MCL (10 g to increases found in several field experiments reported L Ϫ1 ). Initial concentrations of As were elevated in T3
by Sopper (1993) . The concentrations of DTPA-extractand T4. Oxyanion forms of As would be expected to able Cu in the weathered tailings were lower than consorb, via ligand exchange, onto (hydr)oxides of Fe, thus centrations in tailings used by Thompson et al. (2001) . preventing leaching from the tailings (McGeehan et al., They also found no significant increases in metal uptake 1998; Goldberg and Glaubig, 1988) . However, during by plants grown on tailings receiving biosolid applicadecomposition of the biosolids, organic molecules, contion in a semiarid environment. Brown et al. (2003) taining COOH and phenol-catechol OH functional reported that the use of high quality (i.e., Class B) biogroups, may be released into solution. These and similar solids generally results in no significant increase in plant organic molecules have been shown to compete for surface adsorption sites and thus decrease sorption of As metal concentrations.
Mineralogy
ing, NO 3 Ϫ leaching, or enhanced pyrite oxidation. In addition, the increased pH of the acidic tailings after All four tailings were composed predominately of biosolid addition should aid in the establishment of a quartz and feldspars (microcline, plagioclase, and K-feldplant and microbial community. Thus, since earlier studspars) with smaller quantities of carbonate, sulfate (fibroies have shown enhanced growth of vegetation with ferrite, anhydrite, and natroalunite), sulfide (pyrrhotite, biosolid addition to mine tailings, this practice can be marcasite, and pyrite), and oxide minerals (diaspore, brurecommended. cite, magnetite, ferrihydrite, bohemite, pyrolusite, hematite, goethite, manganite, and jarosites). Changes in ACKNOWLEDGMENTS the mineralogy of the tailings during the experiment were minimal. The changes in the tailings detected by This research was supported through a grant from the University of Arizona, National Science Foundation Water Qual-X-ray diffraction (XRD) were the removal of some sulity Center. The assistance of BHP Copper, Inc., San Manuel, fates and sulfides, along with an intensification of the Arizona, is appreciated.
quartz and feldspar peaks (data not shown).
There was an increase in concentrations of organically REFERENCES bound Fe in all tailing types after addition of biosolids; this was expected due to the presence of Fe in the biosolids additions did not appear to result in changes in pyrite
